High-resolution spectra are used to derive Li abundances and 12C/13C ratios for 44 Galactic C stars. It is found that Li-rich stars [log E(Li) > 1] usually have low 12C/13C ratios ( < 15). The great majority of the Li-rich and low 12C/13C stars are of J type, although this correlation can also be found in normal (N-type) C stars. If these stars were indeed low-mass C stars, these results would require the existence of a deepmixing mechanism able to operate in low-mass (M;$ 2 M 0 ) C stars as an alternative for Li production by the hot bottom burning mechanism proposed in asymptotic giant branch stars with larger mass. We show observational evidence suggesting that high mass loss appears to act against such a mechanism.
INTRODUCTION
During recent years, important theoretical and observational progress has been made concerning the understanding of lithium abundances in asymptotic giant branch (AGB) stars. Observations in the Magellanic Clouds (Smith & Lambert 1989 , 1990 Plez, Smith & Lambert 1993; Smith, Plez & Lambert 1995) have shown that most Li-rich AGB stars are O-rich (red giant, M or S stars, with C/O < 1, exhibit metallic oxide bands, e.g. TiO, ZrO, etc.) . The great majority of these Li-rich stars are found at luminosities in the narrow range -7.2 ;5 Mbol ;5 -6.0, which is .an indication of their intermediate-mass nature (3 5;.M!M o 5;. 89).
These observational patterns can be understood in terms of the operation of envelope burning: the so-called hot bottom burning (HBB) . Theoretical models by Sackmann & Boothroyd (1992) show that, during the interpulse phase, the temperature at the base of the convective envelope in AGB stars with M;<;4 Mo (the exact value depends mainly on the stellar metallicity and on the assumed mass-loss rate) can reach values higher than T ~ 2 X 10 7 K and, in consequence, H burning via the CNO cycle can take place. This envelope burning transforms 12C, previously added to the envelope during the third dredge-up (TDU) episodes, into 14N, reducing the 12C/!3C ratio in the envelope. Simultaneously, 7Li can be produced by 3He (a, yfBe(e-, vfLi through the 7Be transport mechanism (Cameron & Fowler *E-mai1: cabia@goliat.ugr.es(CA);isern@ieec.fcr.es (JI) © 1997 RAS 1971) if the characteristic time for convective mixing at the base of the envelope is much smaller than the characteristic nuclear destruction time of 7Be. In that case, 7Be can be transported to the outer envelope where it decays to 7Li. The low temperature of these regions avoids the destruction of 7Li by protons and alpha captures. These models produce peak 7Li abundances in the envelope of log e(Li) ~ 3-4.5, 1 in quantitative agreement with observations. Furthermore, models also predict that super-Li-rich AGB stars can exist only in a narrow luminosity range (Mbol ~ -6 to -7), which is in good agreement with the observations in the Magellanic Clouds.
The situation in our Galaxy is, however, far from clear. Observations (Abia et al. 1993) show that most of the Lirich AGB stars are indeed C stars (stars with C/O> 1 that display conspicuous CN bands) rather than O-rich stars, covering a luminosity range (Mbol ~ -3.5 to -·6.0) fainter than in the Clouds. This fact, together with the estimated scaleheight (z ~ 200 pc) above the Galactic plane (see Claussen et al. 1987; Groenewegen et al. 1992 ), strongly suggests low-mass (M;5 2 Mo) stars as the progenitors of the bulk of Galactic C stars. Indirect observational evidence of this is provided by the number of C-rich planetary nebulae in the Galaxy (Rola & Strasinska 1994) . This number is so high that, from initial mass function (IMF) considerations, L12 C. Abia and J. Isern one is compelled to admit that a considerable fraction of ism that, operating in low-mass AGB stars, might be responlow-mass stars must eventually become C stars. The probsible for ths simultaneous enrichment in 7Li and 13e. lem is that current models for AGB stars (see references above) produce neither a C star nor the operation of HBB (IDS) instrument, giving us a resolving power of ~ 20000.
We centred the grid at A ~ 6708 A for the Li study and at .18000 A to derive the 12C113C ratios from the CN red system.
The five SC stars were observed at the Cerro Tololo InterAmerican Observatory for another project, and they are included for comparison. Details of observations, data reduction, analysis and error estimates in the two spectral ranges are explained in AI and Abia et al. (1993) for the 12C/13C ratios and Li respectively, and will not be repeated here. Li abundances and 12C/3C ratios were derived from synthetic spectra in local thermodynamic equilibrium (LTE). The theoretical sources of error, added quadratically, give us a total error in the 12C/3C ratio of ± (7-13); the lower the isotopic ratio the lower the uncertainty. The estimated total error in the Li abundance is typically ± (0.4-0.5) dex. Table 1 shows the main characteristics of the observed stars as well as the a1;>undance ratios derived from them. Fig. 1 shows the Li abundances versus the 12crC ratios for our sample of stars. The majority of the C stars have 12Cj13C in the range 20-35. The average values are < 12C/13C) =24 ± 13 (standard deviation) for the N-type subsample, < 12CrC) = 21 ± 19 for the SC subsample and < 12C/ 13C)=6±3 for the J-type subsample. As expected, the great majority of J-type stars have low 12CPC ratios. This figure agrees quite well with the results obtained by Ohanaka & Tsuji (1996, hereafter OT) in a larger sample of Nand SC stars: there is no apparent difference in the 12C/ 13C ratios between the N-type and sc stars. The comparison of individual stars in common (10 stars) with the OT sample shows an agreement in the 12C/13C ratios within the error bars: the mean difference is -4 ± 17 (standard deviation). For V Aql and HK Lyr, however, the disagreement is more than a factor of 2. Unfortunately, OT did not show the C/O ratios that they used in their analysis (the 12C/13C ratio is very sensitive to the adopted C/O value: see AI). Thus we cannot check whether differences in the stellar parameters Abundances in C stars L13
are the cause of this disagreement. Nevertheless, we believe that the main reason for such differences lies in the atmospheric models. An example might clarify this claim. In our analysis we use a grid of unpublished models of C stars from the Uppsala group. When we analysed some stars in common with OT using their grid of atmospheric models, we found differences of AC2C/13C)~5 to 10; the larger the difference, the closer is the atmospheric C/O ratio to 1. In the case of V Aql, not only do we disagree in the 12CPC ratio but also we cannot even reRroduce the whole spectrum of this star, neither in the 8000-A range not in the Li range, when using an atmospheric model from OT that fits the stellar parameters of this star. Our distribution of !2Cj1 3 C ratios contrasts with the one previously found by Lambert et al. (1986) . Although for the nine stars in common with them we found an average difference of only -3 ±4 (standard deviation),z their 12crC ratios are spread in the range 40-60. OT argued that this could be due to differences in the thermal structure of the atmospheric models used by Lambert et al. In particular, for the same Teff, the models used by the latter are cooler by more than 500 K in the line-forming region. However, the situation is rather strange because we used the same grid of model atmospheres as Lambert et al. This suggests that !2CPC ratios in C stars might depend on the spectral features, since Lambert et al. used the CN Av = -2 sequence and the CO first-and second-overtone band in the far-infrared. This clearly shows the difficulty in reproducing the opacity at different wavelengths, as well as the current uncertainties in the construction of atmospheric models for these cool stars. These differences indeed need further study. Finally, we found an excellent agreement in the 12C/ 13C ratios derived in the two SC stars in common with the sample of Dominy, Wallerstein & Suntzeff (1986) .
The main conclusion drawn from Fig. 1 is that most of the stars with low 12crC ratios « 15) are Li-rich [loge(Li) > 1], and some of them are super-Li-rich [log e(Li) > 4]. It is remarkable that the majority of our Jtype stars are Li-rich. This suggests that the mechanisms responsible for the enrichment of 13C and 7Li in the envelopes of these C stars might be the same, as previously pointed out by AI. Fig. 1 shows that this simultaneous enrichment can also be found in C stars of N type, although with a lower frequency. SC stars do not seem to be Li-rich, but the limited size of the sample prevents us from reaching any conclusion . In the Magellanic Clouds, some luminous AGB stars (Mbol ~ -6) with high Li abundances also show low 12C/13C ratios (Plez et al. 1993 ). However, they are mostly O-rich stars, not C stars, as seems to occur in the Galaxy. According to theoretical models (see references above), 7Li can be produced by HBB, which also transforms 12C into 13C, converting a C star into an O-rich, Li-rich and low !2C/ 13 C AGB star. The progressive operation of HBB will eventually destroy Li, so that there is a limited period of time in which an AGB star can be Li-rich. This might explain the low percentage of these peculiar stars that is found. However, cal-culations also show that HBB only works in stars with initial massM~4 Mo' We have already pointed out observational facts that lead us to admit a lower stellar mass (M;5 2 Mo) as the progenitor mass for the stars studied here. Perhaps the J-type stars listed here belong to a population of higher stellar mass among the C stars in the Galaxy (see Barnbaum, Kostener & Zuckermann 1991) , although J-type stars are not necessarily high-mass (very luminous) AGB stars as found in the Clouds (Richer, Olander & Westerlund 1979) . In fact, Brewer, Richer & Crathree (1996) recently discovered seven low-luminosity J-type stars among a sample of C stars in M31. Surprisingly, some of them are also Lirich! Furthermore, in the Large Magellanic Cloud (LMC), some C stars fainter than Mbo1 ;:::; -6 are found to be Li-rich (Smith et al. 1995) and have enhanced 13CN absorption. It would be of interest to check whether these low-luminosity LMC stars are J-type.
How can we reconcile our results with theoretical models? Studies of Li abundances and 12C113C ratios in K and M field giants (Luck 1994; Wallerstein & Morell 1994; Da Silva, de la Reza & Barbuy 1995) show that there is a small percentage of these stars with high 7Li abundances and low 12C113C ratios, in contrast to the standard predictions of the first dredge-up theory. Although there is no clear correlation between Li and 12C1 13 C, these observations suggest the existence of a non-standard mixing (and burning) mechanism acting in low-mass red giants as they ascend the red giant branch (RGB). This idea has already been advanced by Sweigart & Mengel (1979) to explain the low 0 abundances in some field giants. Recently, Charbonnell (1995) showed that rotation-induced mixing according to Zahn's (1992) theory can account for the low 12C/3C ratios found in giants. This extra mixing also leads to the destruction of 3He produced in main-sequence low-mass stars, so that (0 + 3He) decreases with time and partially eliminates the existing strongest lower limit on the baryon density !4, from big bang nucleosynthesis models. However, this mechanism would deplete rather than produce 7Li. A similar extra mixing mechanism has been proposed by Wasserburg, Boothroyd & Sackmann (1995) to explain the low 18 0/ 6 0 ratios found in Galactic C stars (Harris et ai. 1987 ) to explain the low 18 0/ 16 0 and J2C/3C ratios and high 14N abundances by modelling deep circulation currents below the bottom of the standard convective envelope in low-mass (1-2 Mo) AGB stars. These currents transport matter from the non-burning bottom of the convective envelope down to regions where some CNO processing can take place (cool bottom burning) and, in consequence, the star may become a C star with low 12C113C and 180ro ratios. Some of the Jtype (Li-rich) stars mentioned here (WZ Cas, Y Cvn, RY Ora) show low 18 0/ 6 0 ratios (;510-3 ) and are quite 14N_ rich (see Harris et ai. 1987) . However, these abundance ratios are too uncertain for any conclusion to be drawn from them. Sackmann & Boothroyd (1997) have shown that this mechanism can also produce Li-rich low-mass AGB stars in an analogous way to that of the HBB mechanism in intermediate-mass stars. The Li production in this model is rather sensitive to the parametrized stream mass-flow rate (rh> 1O-4 M o yr-1): i.e. the mass-exchange rate between the cold bottom convective envelope and the region (near the H-burning shell) where CNO burning takes place. Unfortunately, no predictions were given for the ~2C/J3C and C/O ratios in the envelope. Recent models of thermally pulsating stars have found, in a self-consistent way, that the TDU phenomenon can occur in low-mass AGB stars, M::; ; 3 Mo (Straniero et al. 1997) . If these results are confirmed, the long-standing problem of how to form C stars from low-mass progenitors could be solved. These models show that a star of initial mass as low as 1.5 Mo can become a C star after ~25 thermal pulses or ~ 15 TDU episodes. The above-mentioned authors have even found that a star with M::;; 1.5 Mo may actually experience TDU and thus become a C star. When this happens, the luminosity is of the order of ~104Lo (or M bo1 ;:::; -5.0). These masses and luminosity ranges are in good agreement with the estimated values of the stars studied here. Fig. 2 provides an insight into the nature of this extra mixing mechanism. It clearly shows that the mass loss in the majority of Li-rich and J3C-rich stars takes the typical values found in AGB stars, 10gM(Mo yr-1);:::; -7.0 (Olofsson et al. 1993) . Only one of them, IY Hya, seems to be an exception. Note that in Fig. 2 there is a lack of data at high massloss rates. However, a preliminary analysis of ~ 30 Galactic AGB stars with 10gM~ -6 (Abia et aI., in preparation)
shows that only three of these stars are Li-rich, although probably with abundances of log E (Li) ;5 2. Furthermore, more than 60 per cent of these high-loss AGB stars are 0-rich (C/O < 1). In consequence, strong mass loss seems to act against the operation of this extra mixing mechanism, as well as against the dredge-up of free 12C to the envelope. A similar explanation has been suggested to explain the Li enrichment in field K giants (De las Reza, Drake & da Silva 1996) : the internal (non-standard) mechanism responsible for the Li production in these stars initiates a prompt massloss event that will in fact stop the operation of such a mechanism. This Li phase in the K giants, nevertheless, is not related to the 12C/J3C ratio which appears to evolve on a different characteristic time-scale. On the other hand, observations of Galactic C stars (Utsumi 1970; Dominy 1985) indicate that J-type stars are not heavily enriched in selements (this, however, needs further confirmation), in contrast to normal C stars (N-type). On the basis that J-type stars are an intermediate phase in the evolutionary path between S (a-rich) and C stars (i.e. they are in their very early stages of C star evolution),3 this might suggest that this still hypothetical extra mixing mechanism is only efficient (concerning 7Li and 13C production) when the star just becomes a C star (we derived for almost all our J-type stars a C/O ratio that exceeds 1 by just a few hundredths). After progressive TDU and thermal pulse episodes, the star will enhance the surface s-element and 12C content, and will destroy 13C [through 13C(tx, n) 16 0 and/or the CN cycle] and eventually 7Li. Perhaps IY Hya, with a normal 12C/13C ratio and a high Li abundance, is just showing that. The determination of s-element abundances in this star, as well as in the other Li-rich stars, would be of great interest.
CONCLUSIONS
In conclusion, despite the important uncertainties involved in the derivation of Li abundances and 12C/13C ratios in C stars, we have found new observational evidence of the existence of a deep-mixing mechanism operating in lowmass (M ~ 2 Mo) AGB stars, similar to that proposed in RGB stars to explain Li and 12C/13C anomalies. This mechanism cold be responsible for the creation of low 18 0/ 6 0, Li-(super)rich, 13C-rich (J-type) low-mass C stars, and could provide a good alternative to the HBB that operates in intermediate-mass AGB stars. Detailed studies of other nucleosynthetic tracers like oxygen isotope ratios, or 14N or s-element abundances would be of great interest in order to confirm the existence of this non-standard mixing mechanism, as well as to identify its properties.
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